A flexible route to piperidine-2,4-diones variously substituted at the 6-, 5,6-and 2,6-positions, both with and without 1-substitution, is described; no N-protective group is required. A related regioselective Dieckmann cyclisation is also described that uses Davies' α-methylbenzylamine auxiliary and affords 6-substituted piperidine-2,4-diones enantioselectively.
Introduction
The piperidine ring, a privileged scaffold in pharmaceutically active compounds, 1 is exemplified in the numerous piperidine alkaloids. 2, 3 Oxygenated forms of the piperidine ring such as substituted piperidin-2-ones are also present in a number of alkaloids 3 and in other biologically active derivatives, 4 and can confer advantages of increased stability and crystallinity compared with piperidine analogues. Diversely substituted piperidines and oxygenated piperidines find much use in drug development, but their synthesis is still challenging; 5 general, scaleable methods are in demand. Many oxopiperidines including piperidine-2,4-diones possess biological and pharmaceutical relevance ( Fig. 1) , 6 ,7 some being key intermediates in the synthesis of kinase inhibitors 6f and modulators of glutamate receptors 6g but routes to 6-substituted piperidine-2,4-diones are limited. 8 Enantiocontrolled strategies to substituted piperidines present a further challenge, although the work of Comins 9 and Davis 10 has addressed some of the limitations in the range or location of substituents.
Enantioselective syntheses of 1-unsubstituted piperidine-2,4-diones include rearrangements of substituted 1,3-oxazinan-2-ones, 8 and cyclisations of N-sulfinyl δ-amino-β-keto esters, 10 δ-aryl-δ-amino-β-keto esters 6d and N-Boc-β-amino acids. 11 Herein, we describe the synthesis of variously substituted piperidine-2,4-diones prepared via a regioselective Dieckmann cyclisation, some being obtained enantioselectively. 
Results and Discussion
It was desired to investigate the scope of Dieckmann cyclisations for the synthesis of piperidine-2,4-diones in regard to substituent location, and in particular to achieve a succinct protocol for the preparation of N-unsubstituted piperidine-2,4-diones, since few such Dieckmann cyclisations have been described, and a cyclisation in THF that afforded 3-methoxycarbonyl-6-(2-phenethyl)piperidine-2,4-dione in 15% yield. 12 The proposed route (Scheme 1) began with β-keto esters 1, which in the cases of 1b and 1c were prepared by
Weiler alkylation 13 of the dianion of methyl acetoacetate (1a), prepared in THF using NaH (1.1 equiv.) and butyllithium (1.1 equiv.), and reacted with methyl iodide or ethyl bromide, respectively (Scheme 2). Subsequent alkylation at the β-position was also possible, ester 1b being converted into 1d. Reaction of β-keto esters 1 with ammonium acetate in the presence of acetic acid afforded the vinylogous carbamates 2 which were reduced with sodium triacetoxyborohydride prepared in situ 14 to give the corresponding β-amino esters 3. The latter were coupled with monomethyl malonate using EDC in the presence of HOBt to give the amidodiesters 4. Those underwent Dieckmann cyclisation upon treatment with sodium methoxide in methanol to give the keto esters 5 which were hydrolysed (NaOMe in methanol)
and decarboxylated using sodium methoxide in wet acetonitrile 6b in a one-pot process to give the corresponding piperidine-2,4-diones 6. Scheme 2. Synthesis of β-keto esters via Weiler dialkylation. Reagents and conditions: (a) NaH (1.1 equiv.), BuLi (1.1 equiv.), THF, MeI or EtBr (1.1equiv.) EtOH, 20 °C, 3 h, 97% (1b), 85%, (1c); (b) MeI (1.0 equiv.), K 2 CO 3 (1.5 equiv.), Me 2 CO, 0 °C, 2 h, 88% (1d).
For the 2,3-disubstitued β-amino esters 3, a Blaise reaction 15 (Scheme 3) with in situ reduction was investigated, and afforded 6e; however, the poor yield suggested that the reductive amination of β-keto esters 1, as in Scheme 1, would in general be preferable. These results show that a variety of 6-monosubstituted piperidine-2,4-diones can be prepared by the protocol of Scheme 1, and that in all of the examples studied cyclisation proceeded satisfactorily and usually in good yields. 5,6-Disubstituted piperidine-2,4-diones can also be prepared, although not with high diastereoselectivity in the examples studied herein.
Alkylation of 6f with MeI (3 equiv.) in acetone at 50 °C in the presence of potassium carbonate afforded the 3,3,6-trisubstituted piperidine-2,4-dione 6h (65%); no monomethyl product could be isolated, even when 1 equiv. of MeI was used. Accordingly, monomethylation of ester 5f was attempted using the conditions above, but no 6i was observed; however, using Page's procedure 16 alkylation with MeI (2 equiv.) in THF at 20 °C was achieved, affording 6i in 64%
yield. Attempts to remove the methoxycarbonyl group from 6i, including sodium chloride in DMSO, 17 LiI in pyridine, wet acetonitrile, or hydrochloric acid (1.3 M), all at reflux, were not successful.
Figure 2. Synthesis of substituted piperidine-2,4-diones and derivatives via Dieckmann cyclisations.
The scope of the 2-substituent appears to include 3-pyridyl, since the formation of 6g (Scheme 4) was confirmed by 1 H NMR spectroscopy, but the aqueous solubility of this piperidine-2,4-dione precluded isolation under the standard procedures attempted. The present study has established a greater scope of Dieckmann cyclisations that afford substituted piperidine-2,4-diones (Fig. 2) , notably N-unsubstituted compounds; the use of dimethyl ester precursors, cyclised in methanol (in the presence of sodium methoxide), followed by decarbomethoxylation in aqueous acetonitrile appears to be an improved procedure for obtaining such Dieckmann products; for example, using those procedures, cyclisation and decarbomethoxylation afforded 6-phenylpiperidine-2,4-dione (6f) in 66% yield, compared with 32% using previous conditions. 6b Convenient features of this synthetic approach include the ready preparation of a wide variety of β-amino esters from the corresponding β-keto esters, and the avoidance of N-protection followed by N-deprotection; the substituted piperidine-2,4-diones are obtained directly as N-unsubstituted compounds, as are all intermediates. The route is compatible with one or more substituents at the 3-, 5-and 6-positions.
An enantioselective route to substituted piperidine-2,4-diones based on the regioselective Dieckmann cyclisation was then investigated (Scheme 5). The enantiomerically pure β-keto esters 8 were prepared by metalation of 7 and reaction with α,β-unsaturated esters, according to the Davies methodology. 18 Deallylation of allylamines 8 was achieved using Wilkinson's catalyst 18b,19 via isomerisation to the corresponding enamides that are hydrolysed in situ. 20 However, in the case of 8g several products were obtained; accordingly, allylic transfer was investigated, and was achieved using 1,3-dimethylbarbituric acid (3 equiv.) with a catalytic quantity of (Ph 3 P) 4 Pd in dichloromethane, affording 9g in 96% yield. Acylation of β-amino esters 9 using monomethyl malonate and EDC or, where that proved unsatisfactory, methyl malonyl chloride and Et 3 N afforded the corresponding malonamides 10 which underwent ring closure upon treatment with sodium methoxide in ethanol; in two cases the intermediate sodium salts 11 were isolated, but since those were only needed to confirm the course of the reaction, direct ester hydrolysis and decarboxylation was otherwise achieved, either using warm dilute hydrochloric acid at reflux or in wet acetonitrile at reflux, affording the enantiopure 6-piperidine-2,4-diones 12 in a one-pot procedure from diesters 10. Using methanesulfonic acid (0.9 equiv.) in toluene at reflux, 21 several of the N-alkylated products 12
were cleaved to the corresponding enantiopure piperidine-2,4-diones 6 lacking a 1-substituent (Fig. 3) . 3,3-Dimethylation of 6l with methyl iodide (3 equiv.) in methanol in the presence of potassium carbonate afforded the 3,3,6-trisubstituted piperidine-2,4-dione 13. The route can also be used to prepare enantiomerically pure 4-hydroxypiperidinones, as illustrated by the reduction of (R)-6f to 14 using zinc borohydride. 22 The 3-pyridyl derivative 12f could be a useful building block for the enantioselective synthesis of novel substituted piperidines related to the alkaloid anabasine. The mixture was allowed to cool, then evaporated, and the residue was purified as described under the given product.
Experimental Section

General procedure D for Michael addition.
18 n-Butyllithium (1.55 equiv.) in THF was added dropwise via a syringe to a stirred solution of (S)-N-(α-methylbenzyl)allylamine (7) (1.6 equiv.) in anhydrous THF at -78 °C under nitrogen. The mixture was stirred at -78 °C for a further 30 min. A solution of the α,β-unsaturated ester (1.0 equiv.) in anhydrous THF was added dropwise via syringe at -78 °C and the mixture was stirred for further 3 h at the same temperature. The mixture was then quenched with aqueous saturated ammonium chloride and allowed to warm to 20 °C over about 15 min. Evaporation gave a pale yellow liquid that was partitioned between dichloromethane and aqueous 10% citric acid. The aqueous layer was extracted with dichloromethane (3 x 10 mL) and all of the organic layers were combined, washed with saturated aqueous sodium hydrogen carbonate then brine, dried (MgSO 4 ), and evaporated. The residue was purified as described under the given product.
General procedure E for N-deallylation. hydrogen was evolved. The β-enamino ester was then added in one portion and the mixture was stirred at 20 °C for 3 h. The acetic acid was removed under reduced pressure and the residue was dissolved in ethyl acetate (100 mL). The mixture was extracted with water (4 x 100 mL), and the pH of the combined aqueous layers was adjusted to pH 12 by potassium carbonate. The solution was extracted with chloroform (3 x 150 mL) and the combined organic layers were dried (MgSO 4 ), and evaporated to give 3c (3.61 g, 32%) as an orange oil; and the pH of the combined aqueous layers was adjusted to pH 12 using potassium carbonate.
The aqueous mixture was extracted with chloroform (3 x 15 mL) and the combined organic layers were dried (MgSO 4 ), and evaporated to give 3d (0.63 g, 67%) as an orange oil, IR ν max was then added and the mixture was heated to 42 °C. A mixture of benzyl cyanide (1.00 g, 8.54 mmol) and methyl 2-bromopropanoate (2.85 g, 17.1 mmol) was added and the reaction mixture was then heated under reflux for 2 h. After allowing to cool the mixture was filtered, and sodium borohydride (0.60 g, 15.4 mmol) and ethanol (2.5 mL) were added cautiously to the filtrate. The mixture was stirred for 3 h, then hydrochloric acid (2M, 9 mL) was then added and the aqueous layer was extracted with dichloromethane (2 x 10 mL). The combined organic layers were dried (MgSO 4 ) and evaporated. Toluene (4 mL) was added to the residue and the mixture was made alkaline with 0.880 aqueous ammonia (3 mL). The aqueous layer was extracted with toluene (2 x 4 mL), and the organic layers were combined, dried (MgSO 4 ) and evaporated. After allowing to cool to 20 °C, the mixture was diluted with diethyl ether and filtered. The white precipitate was dissolved in water, and the solution acidified to pH 2-3 by hydrochloric acid (1M). After extraction with ethyl acetate (3 x 20 mL) the combined organic layers were washed with brine (10 mL), dried (MgSO 4 ) and evaporated to give 5f (0.86 g, 70%) as a white 
3-Methoxycarbonyl-3-methyl-6-phenylpiperidine-2,4-dione (6i).
Tetrabutylammonium fluoride in THF (1M, 0.8 mL) and methyl iodide (0.08 mL, 1.28 mmol) were added to 3-methoxycarbonyl-6-phenylpiperidine-2,4-dione (5f) (0.16 g, 0.64 mmol) in THF (2 mL 
Methyl (3S,αS)-3-[N-allyl-N-(α-methylbenzyl)]aminobutanoate (8a
Methyl (3R,αS)-3-[N-allyl-N-(α-methylbenzyl)amino]-4-methylpentanoate (8b).
Following general procedure D, butyllithium in hexanes (2.5 M, 5.3 mL, 13.3 mmol) and methyl 4-methylpent-2-enoate (1.10 g, 8.58 mmol) in anhydrous THF (22 mL) were added to 
(S)-N-(α-methylbenzyl)allylamine
Methyl (3R,αS)-3-[N-allyl-N-(α-methylbenzyl)]-3-phenylpropanoate (8f
Methyl (3R,αS)-3-[N-allyl-N-(α-methylbenzyl)]-3-(3-pyridyl)propanoate (8g)
.
Methyl (3R,αS)-3-[N-allyl-N-(α-methylbenzyl)amino]-3-cyclohexylpropanoate (8k).
Following general procedure D, butyllithium in hexanes (2.5 M, 6.6 mL, 16.6 mmol) and methyl 3-cyclohexylpropenoate (1.80 g, 10.7 mmol) in anhydrous THF (27 mL) were added 
Methyl (3S,αS)-3-[N-(α-methylbenzyl)]-butanoate (9a
Methyl (3R,αS)-3-[N-(α-methylbenzyl)]-4-methylpentanoate (9b
Methyl (3R,αS)-3-[N-(α-methylbenzyl)]-3-phenylpropanoate (9f)
Methyl (3R,αS)-3-[N-(α-methylbenzyl)]-3-(pyridin-3-yl)propanoate (9g).
Tetrakis ( °C for a further 3 h the mixture was washed with aqueous saturated sodium carbonate (2 x 10 mL), and the combined organic layers dried (MgSO 4 ) and evaporated to give an oil that was purified by flash chromatography (6:4 ethyl acetate:hexane) to give 9g (0.41 g, 96%) as an orange oil; IR ν max 2982, 2920, 1732 cm 
Methyl (3S,αS)-3-[N-(α-methylbenzyl), N-(2-methoxycarbonylacetyl)]butanoate (10a).
Following general procedure B, reaction of amine 9a (0.30 g, 1.36 mmol), triethylamine (0.22 mL, 1.63 mmol) and methyl 3-chloro-3-oxopropanoate (0.16 mL, 1.5 mmol) in dichloromethane (6 mL) afforded an oil that was purified by flash chromatography 
Methyl (3R,αS)-3-[N-(α-methylbenzyl), N-(2-methoxycarbonylacetyl)]-3-(pyridin-3-
yl)propanoate (10g).
Following general procedure B, reaction of amine 9f (0.16 g, 0.56 mmol), triethylamine (0.11 mL, 0.73 mmol) and methyl 3-chloro-3-oxopropanoate (0.07 mL, 0.67 mmol) in dichloromethane (3 mL) afforded an oil that was purified by flash chromatography 
